We have designed and operated a superconducting tunnel junction circuit that behaves as a two-level atom: the "quantronium." An arbitrary evolution of its quantum state can be programmed with a series of microwave pulses, and a projective measurement of the state can be performed by a pulsed readout subcircuit. The measured quality factor of quantum coherence Q Х 25,000 is sufficiently high that a solid-state quantum processor based on this type of circuit can be envisioned.
Can we build machines that actively exploit the fundamental properties of quantum mechanics, such as the superposition principle or the existence of entangled states? Applications such as the transistor or the laser, often quoted as developments based on quantum mechanics, do not actually answer this question. Quantum mechanics enters into these devices only at the level of material properties, but their state variables such as voltages and currents remain classical. Proposals for true quantum machines emerged in the last decades of the 20th century and are now being actively explored: quantum computers (1), quantum cryptography communication systems (2) , and detectors operating below the standard quantum limit (3). The major difficulty facing the engineer of a quantum machine is decoherence (4) . If a degree of freedom needs to be manipulated externally, as in the writing of information, its quantum coherence usually becomes very fragile. Although schemes that actively fight decoherence have recently been proposed (5, 6), they need very coherent quantum systems to start with. The quality of coherence for a two-level system can be quantitatively described by the quality factor of quantum coherence Q ϭ 01 T , where 01 is its transition frequency and T is the coherence time of a superposition of the states. It is generally accepted that for active decoherence compensation mechanisms, Q 's larger than 10 4 01 t op are necessary, t op being the duration of an elementary operation (7) . Among all the practical realizations of quantum machines, those involving integrated electrical circuits are particularly attractive. However, unlike the electric dipoles of isolated atoms or ions, the state variables of a circuit, like voltages and currents, usually undergo rapid quantum decoherence because they are strongly coupled to an environment with a large number of uncontrolled degrees of freedom (8) . Nevertheless, superconducting tunnel junction circuits (9-13) have displayed Q 's up to several hundred (14) , and temporal coherent evolution of the quantum state has been observed on the nanosecond time scale (10, 15) in the case of the single Cooper pair box (16) . We report here a new circuit built around the Cooper pair box with Q in excess of 10 4 , whose main feature is the separation of the write and readout ports (17, 18) . This circuit, which behaves as a tunable artificial atom, has been nicknamed a "quantronium."
The basic Cooper pair box consists of a low-capacitance superconducting electrode, the "island," connected to a superconducting reservoir by a Josephson tunnel junction with capacitance C j and Josephson energy E J . The junction is biased by a voltage source U in series with a gate capacitance C g . In addition to E J , the box has a second energy scale, the Cooper pair Coulomb energy E CP ϭ (2e) 2 / 2(C g ϩ C j ) . When the temperature T and the superconducting gap ⌬ satisfy k B T Ͻ Ͻ ⌬/lnN and E CP Ͻ Ͻ ⌬, where N is the total number of paired electrons in the island, the number of excess electrons is even (19, 20) . The Hamiltonian of the box is then
where charge and the phase of the superconducting order parameter in the island, conjugate to the number N of excess Cooper pairs in it (16) . In our experiment, E J Х E CP and neither N nor is a good quantum number. The box thus has discrete quantum states that are quantum superpositions of several charge states with different N. Because the system is sufficiently nonharmonic, the ground Խ0͘ and first excited Խ1͘ energy eigenstates form a two-level system. This system corresponds to an effective spin one-half s ជ, whose Zeeman energy h 01 goes to a minimal value close to E J when N g ϭ 1/2. At this particular bias point, both states Խ0͘ (s z ϭ ϩ1/2) and Խ1 ͘ (s z ϭ Ϫ1/2) have the same average charge ͗N ͘ ϭ 1/2, and consequently the system is immune to first-order fluctuations of the gate charge. Manipulation of the quantum state is performed by applying microwave pulses u(t) with frequency Х 01 to the gate, and any superposition Խ⌿͘ ϭ ␣ Խ0͘ ϩ ␤ Խ1͘ can be prepared.
A novel type of readout has been implemented in this work. The single junction of the basic Cooper pair box has been split into two nominally identical junctions in order to form a superconducting loop (Fig. 1) . The Josephson energy E J in Eq. 1 becomes E J cos(␦/2) (21), where ␦ is an additional degree of freedom: the superconducting phase difference across the series combination of the two junctions (22) . The two states are discriminated not through the charge ͗N ͘ on the island (10, 23) , but through the supercurrent in the loop ͗Î͘ ϭ (2e/ប) ‫.͘␦ץ/‪H‬ץ͗‬ This is achieved by entangling s ជ with the phase ␥ of a large Josephson junction with Josephson energy E J0 Ϸ 20 E J inserted in the loop (17, 24) . The phases are related by ␦ ϭ ␥ ϩ , where ϭ 2e⌽/ប, ⌽ being the external flux imposed through the loop. The junction is shunted by a capacitor C to reduce phase fluctuations. A trapezoidal readout pulse I b (t), with a peak value slightly below the critical current I 0 ϭ 2eE J0 /ប, is applied to the parallel combination of the large junction and the small junctions (Fig. 1C) . When starting from ͗␦͘ Ϸ 0, the phases ͗␥ ͘ and ͗␦͘ grow during the current pulse, and consequently an s ជ-dependent supercurrent develops in the loop. This current adds to the bias current in the large junction, and by precisely adjusting the amplitude and duration of the I b (t) pulse, the large junction switches during the pulse to a finite voltage state with a large probability p 1 for state Խ1͘ and with a small probability p 0 for state Խ0͘ (17) . This readout scheme is similar to the spin readout of Ag atoms in a Stern and Gerlach apparatus, in which the spin is entangled with the atom position. For the parameters of the experiment, the efficiency of this projective measurement should be ϭ p 1 Ϫ p 0 ϭ 0.95 for optimum readout conditions. The readout is also designed so as to minimize the Խ1͘ 3 Խ0͘ relaxation rate using a Wheatstone bridge-like symmetry. Large ratios E J0 /E J and C/C j provide further protection from the environment. Just as the system is immune to charge noise at N g ϭ 1/2, it is immune to flux and bias current noise at ϭ 0 and I b ϭ 0, where Î ϭ 0. The preparation of the quantum state and its manipulation are therefore performed at this optimal working point.
A quantronium sample is shown in Fig.  1B . It was fabricated with standard e-beam lithography and aluminum evaporation. The sample was cooled down to 15 mK in a dilution refrigerator. The switching of the large junction (25) to the finite voltage state is detected by measuring the voltage across it with a room-temperature preamplifier, followed by a discriminator. By repeating the experiment, the switching probability, and hence the occupation probabilities of the Խ0͘ and Խ1͘ states, can be determined.
The readout part of the circuit was tested by measuring the switching probability p at thermal equilibrium as a function of the pulse height I p , for a readout pulse duration of R ϭ 100 ns. The discrimination between the estimated currents for the Խ0͘ and Խ1͘ states was found to have an efficiency of ϭ 0.6, which is lower than the expected ϭ 0.95. Measurements of the switching probability as a function of temperature and repetition rate indicate that the discrepancy between the theoretical and experimental readout efficiency could be due to an incomplete thermalization of our last filtering stage in the bias current line. Spectroscopic measurements of 01 were performed by applying to the gate a weak continuous microwave irradiation suppressed just before the readout pulse. The variations of the switching probability as a function of the irradiation frequency display a resonance whose center frequency evolves with dc gate voltage and flux as the Hamiltonian predicts, reaching 01 Х 16.5 GHz at the optimal working point (Fig. 2) . The small discrepancy between theoretical and experimental values of the transition frequency at nonzero magnetic flux is attributed to flux penetration in the small junctions not taken into account in the model. These spectroscopic data have been used to precisely determine the relevant circuit parameters, E J ϭ 0.865 k B K and E J / E CP ϭ 1.27. At the optimal working point, the linewidth was found to be minimal, with a 0.8-MHz full width at half-maximum (FWHM). When varying the delay between the end of the irradiation and the readout pulse, the resonance peak height decays with a time constant T 1 ϭ 1.8 s. Supposing that the energy relaxation of the system is only due to the bias circuitry, a calculation similar to that in (26) predicts that T 1 ϳ 10 s for a crude discrete element model. This result shows that no detrimental sources of dissipation have been seriously overlooked in our circuit design.
Controlled rotations of s ជ around an axis x perpendicular to the quantization axis z have been performed. Before readout, a single pulse at the transition frequency with variable amplitude U w and duration was applied. The resulting change in switching probability is an oscillatory function of the product U w (Fig. 3A) , which is in agreement with the theory of Rabi oscillations (27) , proving that the resonance indeed arises from a two-level system. The proportionality ratio between the Rabi period and U w was used to calibrate microwave pulses for the application of controlled rotations of s ជ.
Rabi oscillations correspond to a driven coherent evolution but do not give direct access to the intrinsic coherence time T during a free evolution of s ជ. This T was obtained by performing a Ramsey fringe experiment (28), on which atomic clocks are based. One applies to the gate two phase-coherent microwave pulses, each corresponding to a /2 rotation around x (29) and separated by a delay ⌬t, during which the spin precesses freely around z. For a given detuning of the microwave frequency, the observed decaying oscillations of the switching probability as a function of ⌬t (Fig. 3B ) correspond to the "beating" of the spin precession with the external microwave field (30) . The oscillation period agrees exactly with the inverse of the detuning, allowing a measurement of the transition frequency with a relative accuracy of 6 ϫ 10 Ϫ6 . The envelope of the oscillations yields the decoherence time T Х 0.50 s. Given the transition period 1/ 01 Х 60 ps, this means that s ជ can perform on average 8000 coherent free precession turns.
In all the time domain experiments on the quantronium, the oscillation period of the switching probability agrees closely with theory, which proves controlled manipulation of s ជ. However, the amplitude of the oscillations is smaller than expected by a factor of 3 to 4. This loss of contrast is likely to be due to a relaxation of the level population during the measurement itself.
In order to understand what limits the coherence time of the circuit, measurements of the linewidth ⌬ 01 of the resonant peak as a function of U and ⌽ have been performed. The linewidth increases linearly when departing from the optimal point (N g ϭ 1/2, ϭ 0, I b ϭ 0). This dependence is well accounted for by charge and phase noises with root mean square deviations ⌬N g ϭ 0.004 and ⌬(␦/2) ϭ 0.002 during the time needed to record the resonance. The residual linewidth at the optimal working point is well explained by the second-order contribution of these noises. The amplitude of the charge noise is in agreement with measurements of 1/f charge noise (31) , and its effect could be minimized by increasing the E J /E CP ratio. The amplitude of the flux noise is unusually large (32) and should be significantly reduced by improved magnetic shielding. An improvement of Q by an order of magnitude thus seems possible. Experiments on quantum gates based on the controlled entanglement of several capacitively coupled quantronium circuits could already be performed with the level of quantum coherence achieved in the present experiment. We report the generation and observation of coherent temporal oscillations between the macroscopic quantum states of a Josephson tunnel junction by applying microwaves with frequencies close to the level separation. Coherent temporal oscillations of excited state populations were observed by monitoring the junction's tunneling probability as a function of time. From the data, the lower limit of phase decoherence time was estimated to be about 5 microseconds.
Coherent Temporal
The question of whether macroscopic variables obey quantum mechanics has stimulated extensive theoretical interests (1, 2) . The experimental search for macroscopic quantum phenomena (MQP) did not start until the early 1980s, when theory showed that the experimental conditions for observing MQP in Josephson junction-based devices were achievable (3) (4) (5) . Many MQP, such as macroscopic quantum tunneling (MQT) (6-10), energy level quantization (11, 12) , quantum incoherent relaxation (13) , resonant tunneling and photon-assisted tunneling (14) , and photo-induced transition and population inversion between macroscopic quantum states (15, 16) , have since been observed. Recent spectroscopy evidence of superposition of fluxoid states and persistent-current states in superconducting quantum interference devices has also been reported (17, 18) . However, time domain coherent oscillations between macroscopic quantum states (MQS), which is more direct evidence for the superposition of MQS, has thus far evaded experimental detection. One of the methods proposed to create coherent temporal oscillations between two MQS is via Rabi oscillation, an effect that is well established and understood in atomic and molecular systems (19) . The principle of Rabi oscillations is that by applying a monochromatic electromagnetic (EM) field to a quantum two-level system, which interacts with the EM fields, the system will be in a superposition of the two energy eigenstates that results in oscillations between the lower and upper levels with Rabi frequency ⍀. The amplitude of the population oscillations is at a maximum when the frequency of the EM wave is in resonance with the level spacing ⌬E, i.e., ϭ ⌬E/ប. Rabi oscillation is a coherent quantum phenomenon that provides the foundation to a wide variety of basic research and applications, ranging from coherent excitation of atoms and molecules by laser to quantum computation (20) (21) (22) . Re-
